Not all noise in experimental measurements is unwelcome. Certain fundamental noise sources contain valuable information about the system itself-a notable example being the inherent voltage fluctuations (Johnson noise) that exist across any resistor, which allow the temperature to be determined 1, 2 . In magnetic systems, fundamental noise can exist in the form of random spin fluctuations 3, 4 . For example, statistical fluctuations of N paramagnetic spins should generate measurable noise of order ffiffiffiffi N p spins, even in zero magnetic field 5, 6 . Here we exploit this effect to perform perturbation-free magnetic resonance. We use offresonant Faraday rotation to passively 7, 8 detect the magnetization noise in an equilibrium ensemble of paramagnetic alkali atoms; the random fluctuations generate spontaneous spin coherences that precess and decay with the same characteristic energy and timescales as the macroscopic magnetization of an intentionally polarized or driven ensemble. Correlation spectra of the measured spin noise reveal g-factors, nuclear spin, isotope abundance ratios, hyperfine splittings, nuclear moments and spin coherence lifetimes-without having to excite, optically pump or otherwise drive the system away from thermal equilibrium. These noise signatures scale inversely with interaction volume, suggesting a possible route towards non-perturbative, sourceless magnetic resonance of small systems.
The fluctuation-dissipation theorem states that the response of a system to an external perturbation (that is, the susceptibility) can be described by the spectrum of fluctuations exhibited by the system in thermal equilibrium 9 . In magnetic systems, ffiffiffiffi N p fluctuations in an ensemble of N undriven nuclear spins has been observed 6 , as predicted by Bloch 5 in 1946 . Fundamental magnetic fluctuations of thermal (and quantum) origin have since been identified in, for example, spin glasses 10 , hard-disk magnetoresistive heads 11 , and in the magnetic noise spectrum of antiferromagnetic particles 12 . Optical techniques have identified the presence of stochastic spin fluctuations in atomic systems 4, [13] [14] [15] [16] , and notably, fluctuations corresponding to very few spins-and perhaps even single spinsare evidenced by ultrasensitive cantilevers 17 and scanning tunnelling microscopes 18, 19 , respectively. In other disciplines, thermal noise in nanomechanical resonators 20 and recent correlation spectra of thermal acoustic vibrations suggest a means for 'sourceless ultrasonics' 21 . Here we investigate the detailed spectroscopy of spin noise to perform perturbation-free magnetic resonance. We study ground-state magnetization fluctuations in a classical ensemble of uncorrelated paramagnetic spins in thermal equilibrium, realized in atomic alkali vapours. Random spin fluctuations and their associated coherences reveal the complete magnetic structure of the atomic 2 S 1/2 ground state, including hyperfine, Zeeman and nuclear moment effects. Historically, this information is obtained with conventional magnetic resonance techniques (optical pumping and/or radio-frequency excitation) [22] [23] [24] , which necessarily perturb the spin ensemble away from thermal equilibrium. Figure 1a shows a diagram of our experiment. 40-mm-long, temperature-controlled column of rubidium or potassium vapour having typical density of order 10 9 atoms mm 23 . Random magnetization fluctuations along z impart small polarization (Faraday) rotation fluctuations dv F (t) on the laser, which are measured with a balanced photodiode bridge. Helmholtz coils provide a small transverse magnetic field B along x, about which all magnetization fluctuations dM z must precess. This precession, which corresponds to transverse spin coherences between Zeeman sublevels, shifts the spin fluctuation signal away from very low frequencies where environmental noise dominates. The detuned laser ensures a perturbation-free probe 7 of equilibrium spin noise, wherein the ,10 9 atoms within the laser volume are not optically pumped or excited in any way. The ensemble exhibits zero net magnetization (kM z (t)l ¼ 0), with a nominally equal population of spins within ground-state sublevels.
Near the D1 or D2 transition of alkali atoms, the indices of refraction for right-and left-circularly polarized light are n^2 1 ø ðN 0 e 2 f =4pmnDÞð1^bkJ e lÞ; where N 0 is the density of atoms, f and b are the transition's oscillator strength and polarizability (b ¼ 2 and 21 for D1 and D2, respectively), n is the laser frequency, and D ¼ n 2 n 0 is the laser detuning from the transition centre (assumed here to be much larger than the pressure-broadened transition width). kJ e l ; kN þ 0 2 N 2 0 l=2N 0 is the expectation value of the valence electron spin along z, where N0 are the densities of atoms with ground-state spin projection parallel and antiparallel to the laser. The number of atoms within the laser beam of crosssectional area A and over length L is N ¼ N 0 AL. Magnetization noise arises from statistical fluctuations in the quantity N þ 2 N 2 , which has amplitude
The induced Faraday rotation, v F ¼ pnLðn þ 2 n 2 Þ=c; therefore exhibits fluctuations:
The spin correlation function, S(t) ¼ kM z (0)M z (t)l, has a Fourier transform S(q) that is proportional to the measured power spectrum of dv F (t).
A typical noise spectrum from rubidium vapour is shown in Fig. 1b , taken with the laser detuned 25 GHz from the D1 transition. The sharp peaks at frequencies Q ¼ 869 and 1,303 kHz are due to random spin fluctuations that are precessing in the small 1.85 G transverse magnetic field, effectively generating spontaneous spin coherences between ground-state Zeeman sublevels. These coherences precess with effective g-factors g F ¼ hQ/m B B < 1/3 and 1/2, which are the ground-state g-factors of the stable isotopes 85 Rb and 87 Rb (h and m B are the Planck constant and Bohr magneton, respectively). Coupling of the nuclear spin I to the J ¼ 1/2 valence electron splits the 2 S 1/2 atomic ground state into two hyperfine F-levels with total spin F ¼ I^J and g-factor jg F j ø g J =ð2I þ 1Þ; where g J ø 2 is the free electron g-factor. Thus, the nuclear spin of 85 Rb (I ¼ 5/2) and 87 Rb (I ¼ 3/2) may be directly measured from spin fluctuations in thermal equilibrium. Noise spectra acquired near the D2 transition show similar peaks (inset, Fig. 1b ), which move as expected with magnetic field. The 13 kHz measured width of these noise peaks indicates an effective transverse spin dephasing time of ,100 ms, much less than the known Rb spin lifetime (,1 s), due largely to the transit time of atoms across the ,100 mm laser diameter. The spectral density of the spin noise is small-the 87 Rb peak in Fig. 1b : This is conveniently confirmed by noting that the integrated spin noise of the 85 Rb and 87 Rb peaks is 24.7 and 15.4 mV respectively, whose ratio-1.60-agrees quite well with the square root of the 85 Rb: 87 Rb natural abundance ratio ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 72:2%=27:8% p ¼ 1:61Þ: That the off-resonant laser non-perturbatively probes spin fluctuations is evidenced in Fig. 2 , where the integrated 85 Rb spin noise is measured at large detuning from both the D1 and D2 transitions. The measured D2 absorption (optical depth) is also shown for reference. Appreciable spin noise exists out to D ¼^100 GHz, increasing at smaller detunings down to 15 GHz, at which point noticeable absorption occurs. For jDj . 20 GHz, the measured spin noise scales as D 21 , confirming that the off-resonant laser is letters to nature sensitive to ground-state spin fluctuations through the dispersive index of refraction (as distinct from techniques in which laser noise is intentionally and resonantly absorbed by the system 25, 26 ). The amplitude of fluctuations from N uncorrelated spins scales as ffiffiffiffi N p
; as has been observed in atomic caesium 4, 15 where, for quantum non-demolition measurements of atomic spin, such noise naturally imposes an obstacle to precision measurements. Here, ffiffiffiffi N p scaling is explicitly verified in Fig. 3a, b by temperature-tuning the Rb vapour density N 0 . A power-law fit to the integrated spin noise with slope 1/2 shows excellent agreement. Thus, the ratio of spin noise relative to the signal that one would measure in a magnetized sample ð, ffiffiffiffi N p =NÞ necessarily increases in systems with fewer spins. It is noteworthy, then, that the absolute noise increases when the size of the probe laser shrinks (Fig. 3c, d ). At fixed density N 0 , the effective interaction volume (and hence N) is reduced by shrinking the cross-sectional area A of the laser while maintaining constant laser power. In this case, the 85 Rb spin noise increases. This result may be viewed as a consequence of the A 21/2 term in equation (1), or by considering that the Faraday rotation imposed on light passing through an intentionally magnetized system is independent of beam area, so that the effective measurement sensitivity (rotation angle per unit polarized spin, v F /N) is larger for narrower beams. Therefore, fluctuations of order ffiffiffiffi N p spins induce correspondingly more signal. Figure 3d shows the total spin noise versus beam area, with a power-law fit to 1= ffiffiffi ffi A p
showing excellent agreement. These data suggest the utility of noise spectroscopy for passive probes of small systems, where the absolute amplitude of measured fluctuations actually increases when probe size is reduced, as long as measurement sensitivity increases correspondingly. In magnetometry this situation can be realized, for example, through the use of smaller Hall bar magnetometers (since the Hall voltage is independent of area, for fixed current), or as is often the case for magnetooptical measurements, through a tighter focus. Finally, we show that fluctuation correlation spectra can reveal detailed information about complex magnetic ground states arising from, for example, nuclear magnetism and hyperfine interactions. Figure 4a shows the spin noise spectrum in 39 K. With increasing magnetic field, the noise peak broadens and eventually splits into four resolvable spin coherences. This is the quadratic Zeeman effect, which originates in the gradual decoupling of the electron and nuclear spin (the hyperfine interaction) by the applied magnetic field. Within each hyperfine level (see Fig. 4b ), the 2F þ 1 Zeeman levels become unequally spaced, resulting in 2F distinct coherences between adjacent sublevels ( Supplementary Figure) . The energies of the Zeeman levels are given by the Breit-Rabi formula 24 ,
D hf is the zero-field hyperfine splitting, m F is the magnetic quantum number, g I is the nuclear g-factor, m N is the nuclear magneton, and the^refers to the upper and lower ðF ¼ I^1 2 Þ hyperfine state. Without nuclear effects (g I ¼ 0), transitions within the two hyperfine manifolds are degenerate and D hf can be measured via the separation between noise peaks, dQ ¼ 2Q 2 0 =D hf : When nuclear terms are included, transition energies within the upper and lower hyperfine manifolds are no longer exactly degenerate. This additional nuclear Zeeman splitting dE nuclear is resolved in the noise spectrum of 87 Rb at 38 G, where all six allowed DF ¼ 0, Dm F ¼^1 magnetic resonance transitions are observed (Fig. 4c ). The nuclear moment (m I ) and g-factor can be determined through dE nuclear ¼ 2g I m N B ¼ 2m I B=I: Lastly, spin fluctuations in thermal equilibrium also generate spontaneous spin coherence between inter-hyperfine Zeeman levels (DF ¼ 1, Dm F ¼^1), as shown in Fig. 4d for 39 K. At low fields, these high-frequency noise coherences split away from the 39 K hyperfine frequency (D hf ¼ 461.7 MHz) with energy hQ ø^g F m B B and 3g F m B B; providing additional means of measuring D hf from spin fluctuations alone.
We emphasize that these measurable ground-state spin coherences arise solely from random fluctuations while in thermal equilibrium, in contrast with normal methods for magnetic resonance. Nonetheless, the same detailed spectroscopic information is revealed, in accord with the fluctuation-dissipation theorem. The non-perturbative nature and inverse scaling of absolute noise with probe size appears favourable for local noise spectroscopy of small solid-state systems, where the planar geometry of many technologically-relevant structures is well-suited to high-spatialresolution studies. For example, in a semiconductor two-dimensional electron gas with electron density 10 11 cm 22 , only ,1,000 electrons are probed in a focused 1 mm laser spot. Thus, electron spin fluctuations (relative to the signal from a polarized system) are of order one part in ffiffiffiffiffiffiffiffiffiffiffi ffi 1; 000 p
; as compared with only one part in , ffiffiffiffiffiffi ffi 10 9 p in these studies. Other possibilities include spectroscopy of local magnetization fluctuations in next-generation hard-disk read/write heads 11, 27 , heterostructures for 'spintronic' 28 applications and quantum information processing 29 , or proposed noise probes of phase transitions and electron correlation in quantum Hall systems 30 , and even single atoms 19 . A
Methods
Polarization fluctuations dv F (t) imposed on the transmitted laser beam (due to magnetization fluctuations in the atomic vapour) are measured in a balanced photodiode Figure 4 The ground-state Zeeman and hyperfine structure of 87 Rb and 39 K as revealed by stochastic spin coherences. a, Broadening and eventual breakup of the 39 letters to nature bridge. The bridge consists of a polarization beamsplitter oriented at 458 to the incident laser polarization, and v F is measured via the normalized intensity difference between the two orthogonal components at^458: 2v F ø ðI þ45 2 I 245 Þ=ðI þ45 þ I 245 Þ: The photodiode difference current is converted to voltage (transimpedance gain ¼ 40 V mA 21 , or ,20 V per mW of unbalanced laser power at 790 nm) and measured in a spectrum analyser. Above a few kilohertz, the measured noise floor arises primarily from photon shot noise, which contributes ,175 nV Hz 21/2 of spectrally flat (white) noise at a typical laser power of 200 mW. The photodiodes and amplifier contribute an additional 65 nV Hz 21/2 of uncorrelated white noise. All noise spectral densities are r.m.s. values, and spectra were typically signal-averaged for 10-20 min. The accuracy of measured hyperfine constants and g-factors was imposed by the^0.01 G resolution of the Hall bar magnetic field sensor. Measurement of inter-hyperfine spin coherence (Fig. 4d ) was performed with a higherbandwidth, lower gain amplifier (,0.70 V mA 21 ), and a typical laser power of 3.5 mW. Unless otherwise stated, measurements of rubidium (potassium) vapour were performed with 250 (125) torr of nitrogen buffer gas, which broadens the linewidth of the D1 and D2 optical transitions and causes the motion of the alkali atoms to become diffusive (thereby increasing the average time the atoms spend in the laser beam and narrowing the magnetic resonance peaks.) The diameter of the laser beam in the vapour cell can be increased (decreased) by closing (opening) the aperture in front of the final focusing lens.
Magnetic domains, and the boundaries that separate them (domain walls, DWs), play a central role in the science of magnetism 1 . Understanding and controlling domains is important for many technological applications in spintronics, and may lead to new devices 2 . Although theoretical efforts have elucidated several mechanisms underlying the resistance of a single DW [3] [4] [5] [6] [7] [8] , various experiments 9-15 report conflicting results, even for the overall sign of the DW resistance. The question of whether an individual DW gives rise to an increase or decrease of the resistance therefore remains open. Here we report an approach to DW studies in a class of ferromagnetic semiconductors (as opposed to metals 16, 17 ) that offer promise for spintronics 18 . These experiments involve microdevices patterned from monocrystalline (Ga,Mn)As epitaxial layers. The giant planar Hall effect that we previously observed 19 in this material enables direct, real-time observation of the propagation of an individual magnetic DW along multiprobe devices. We apply steady and pulsed magnetic fields, to trap and carefully position an individual DW within each separate device studied. This protocol reproducibly enables high-resolution magnetoresistance measurements across an individual wall. We consistently observe negative intrinsic DW resistance that scales with channel width. This appears to originate from sizeable quantum corrections to the magnetoresistance.
Multiterminal devices for this work are patterned from Ga 0:948 Mn 0:052 As epitaxial layers (epilayers; see Methods). The longitudinal device axis, along which the current flows, is oriented collinear with a cleave edge [110], also a cubic hard axis. Figure 1a displays the measurement set-up, showing utilization of three pairs of transverse (Hall) voltage probes to sense the magnetoresistance to the longitudinal current within the device (Methods).
(Ga,Mn)As films are intrinsically magnetized in-plane owing to a combination of compressive lattice-mismatch-induced strain and demagnetization effects 20 . The vector plot in Fig. 1b (inset) depicts the four in-plane easy axes. A representative R-H loop (here R is the giant planar Hall resistance 19 , and H is magnetic field) is shown in Fig. 1b . At high negative field values the sample magnetization is saturated along easy axis I (Fig. 1b, inset) . When the field is ramped up, the first jump corresponds to a magnetization transition from I to II (or [01¯0] to [100]); the second jump completes the reversal by switching from II to III (or [100] to [010]). The magnetization transitions evolve via the formation of a 908-DW 19, 21, 22 . The square hysteresis loops obtained at low temperatures are indicative of magnetization switching dominated by wall propagation, rather than domain nucleation 2 .
DW propagation experiments are carried out by inducing a free wall within the sample (Methods). Figure 1c shows the temporal evolution of signals obtained simultaneously using the sample's three transverse probes. The data are recorded with a drive field at point A in Fig. 1b (74 Oe) . The successive jumps in the resistance versus time record for each of the three channels correspond to a single DW sequentially passing the transverse probe pairs. These
